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FOREWORD

This report was prepared by Materials Research Corporation
under USAF Contract No. AF 33(616)-7173. This contract was
initiated under Project No. 7351 Metallic Materials", Task
No. 73521 "Behavior of Metals". The work was administered
under the direction of Lt. B.A. Wilcox, Directorate of Materi-
als and Processes, Deputy for Technology, Aeronautical Systems
Divis ion.

This report covers the work conducted from April 1,
1960 to April 1, 1961.
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ABSTRACT

Tensile tests have been made on specimens of com-
mercial tantalum of different grain-sizes, and the vari-
ation of lower yield -stress c with grain-size 2d has been
used to assess the effect of temperature (23"C, -78"C and
-1966C) and strain-rate (1.09 X 10-3 /sec. and 9.96 X lO-lsec.
at each temperature) on the parameters M and ky in
a Petch type equation Cr = gy + ky d- v. The
results indicate that the sensitivity ok the yield strength
to temperature and strain-rate arises almost entirely
from the effects that these variables produce on 0%which
is in agreement with observations for other body-centred-
cubic transition metals. The high resistance of tantalum
to brittleness has been confirmed, all of the specimens
showing pronounced necking and predominantly fibrous
fractures; however, on the fracture surfaces of the coarser
grained specimens tested at -196"C (both strain-rates)
some cleavage facets were observed. This observation of--
cleavage can be adequately explained by Cottrell's trans-
ition equation ( O..d d'2.+ k y ) ky onith"he- when account
is made of the effect of deformation on the parameters
in the equation, and a value of the effective surface
energy for fracture is obtained (1.35 X lO*' erg.cm°

> > 1.16 X 104- erg.cm-2  ) which is in the same range
as those values which have been previously measured for
niobium, molybdenum and mild steel. The greater ductility
of tantalum relative to these materials is attributed to
a low value of ky and a high value of the shear modulusA.
Little or no twinning was observed in the tests, probably
because the material was not of a very high purity.

PUBLICATION REVIEW

This report has been reviewed and in approved.

FOR THE COMMANDER:

W. J.tP
Chief, Strength & Dynamics Branch
Metals andCeramics Laboratory
Directorate of Materials & Processes
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THE MECHANICAL PROPERTIES OF TANTALUM
WITH SPECIAL REFERENCE TO THE DUCTILE-

BRITTLE TRANS ITION

I. INTRODUCTION:

The introduction of the refractory metals into
increasingly greater usage as structural materials, has led
in recent years to the stimulation of a new interest in the
properties of transition metals with the body-centred-cubic
crystal structure. In the area of crystal plasticity a large
part of this interest has been centered upon the transition
from ductile to brittle behaviour which all these metals
exhibit, and this subject has attracted further attention
because new quantitative theories of the transition phenome-
non have recently been proposed (1)(2). Assessment of these
theories, at the time of their publication, was confined
primarily to an examination of experimental data for iron
and steel, suitable results for other body-centred-cubic
transition metals being almost completely lacking. This
situation has now, however, been partially rectified by re-
search on niobium (3)(4)(5)(6), chromium (7) and molybdenum
(8). The work described in this report expands the scope
further, to include experiments on the mechanical properties
of tantalum, a material of particular interest because of
its reported (9)(10) resistance to brittleness. The obser-
vation, by Barrett & Bakish (11), of cleavage facets on
tantalum samples hammered to fracture at liquid nitrogen
temperature, represents the sole published account of brittle
behaviour in tantalum.

To appreciate the significance of the experimental
approach adopted in this work it is necessary to critically
examine the recent brittle fracture theories (1)(2). These
theories stem from two basic ideas; firstly, that cleavage
failure is always preceded by plastic deformation; secondly,
that crack propagation is a more difficult staF! in the
cleavage process than crack nluclention. Accepting these
ideas one is then led directly to the conclusion that fracture
behaviour of a material will depend only on the relative
values of the yield stress, and the crack propagation stress
for that material under the operating conditions. When the
yield stress is smaller than the propagation stress the material

Mauscript releaed by authors Juiy 1961 for publati'in as an 13D
Tezhnical Report
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should be ductile; when it is larger the material should be
brittle.

Applying these concepts to a proposed mechanism
in which cracks are nucleated from intersecting orthogonal
slip bands in the body-centred-cubic lattice, Cottrell(l)
derives from energy considerations, an equation

&./ -

describing conditions under which a crack nucleus will grow
into a full brittle failure. Here, 2d is the grain diameter,
/,_ithe shear modulus, the effective surface energy for

crack propagation and 2 a constant equal to unity for con-
ventional tensile tests, and .1/3 for tests on notched Speci-
mens. ct and kj are parameters in an equation

(2)

originally developed by Petch (12) to describe the de-
pendence of lower yield stress Cy on grain-size 2d for poly-
crystalline materials (such as the body-centred-cubic trans-
ition metals) which yield discontinuously because their dis-
locations are locked by impurity atom atmospheres. In such
materials the propagation of a Liders band at the lower yield
stress is believed to proceed by a proceess in which the
stress fields of dislocations piled-up against grain-boundar-
ies in yielded grains, activate Frank-Read sources in adjacent
unyielded grains. For yielded grains of diameter 2d the
average pile-up length will be d, and with an applied stress

C , and a friction stress in. resisting the movement of dis-
locations across the slip plane, the effective stress acting
on the pile up will be ( COy - cri ). The formula developed
by Eshelby, Frank and Nabarro (13) gives the stress at some
distance 9- ( Q_ << d- ) in an unyielded grain ahead of the
pile-up as ( oa - cb) ( c. /,e )'/z . A Frank-Read source
at distance , which requires a stress OY to release it
from its atmosphere, will operate then, when(Cry -o )()Ck/e) .
This, rearranged and with f . Z'/. becomes Eq.(2).

Cottrell's tranistion formula (Eq. (1) ) was
derived for the specific case of crack nucleation at intersect-
ing orthogonal slip bands. The calculations on which it is
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based are, however, quite general and should produce similar
formulae for the other processes in which glide dislocations
are converted into cavity dislocations. Petch (2), using
the same basic concepts as Cottrell but a different detailed
approach to the brittle fracture problem, arrives aa the
same formula with the constants slightly altered.

The importance of Eq. (2) in relation to the brittle
fracture theories is largely a practical one. Using this
equation one can, by measuring lower yield stress as a function
of grain-size, obtain experimental values of ctand ?, . Since
for a given material, -S may be reasonably assumed to
remain insensitive to experimental conditions (temperature
and strain-rate) it is, according to Eq. (1), changes in Oc
and Ak(with grain-size fixed) which should produce the trans-
ition from ductile to brittle behaviour.

In the present experiments measurements of tensile
yield stress on specimens of different grain-sizes have been
used to determine the effect of temperature and strain-rate.
on the values of eriand A for commercial tantalum. The
results have been analysed on the basis of Cottrell's transi-
tion equation to determine whether the equation adequately
describes the fracture behaviour observed in the experiments.
An examination has also been made for twinning in tantalum.

II. EXPERIMENTAL PROCEDURE:

A batch of 15" long, 1/8" dia. rods of 99.9% pure
tantalum was obtained from the Kawecki Chemical Corporation.
All of the rods were prepared from the same 3" dia. sintered
billet by successive cold working (rolling and swaging) and
annealing (llO0"C) treatments, with a 75% cold swage as tho
final forming operation. The nominal impurity content of the
starting materialas quoted by the supplier, is given in
Table I.

Recrystallization of the rods was achieved by electron-
beam heating, using an apparatus similar to that first de-
scribed by Calverley, Davis and Lever (14). Each rod was
held vertically and a 9" section at the centre was scanned
by the annular electron-gun at a speed of 3" per hour, under
a vacuum of between lo-sand 5 X 10-"mm.Hg. Grain-sizes
(determined by metallographic examination of at least one
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sample from each rod) ranging from about .002 cm to about
.o9 cm were obtained by using temperatures (measured with
an optical pyrometer) in the range from 14200C to 2070*C.
Individual rods showed a good uniformity of grain-size,
but generally differed somewhat in grain-size from other
rods given an apparently similar heat-treatment; this was
probably due to inaccuracies in the temperature measure-
ments. A list of all the annealing treatments is given in
Table IIand Figure 1 shows microstructures of the starting
material and of typical recrystallized specimens.

Tensile test pieces were made by brazing the ends
of 2" lengths of the recrystallized tantalum to threaded
5/16" dia. stainless steel collars. Carefully drilled
central holes in the collars accommodated the tantalum, en-
suring good alignment. Brazing was carried out in the eleo-
tron-beam apparatus, at a vacuum similar to that used for
the re-crystallization anneals, by melting the portion of
each collar adjacent to the tantalum. Rapid wetting of the
tantalum occurred with the formation of a neat, regular
fillet, leaving a 1" gauge length (Figure 2). Each braz-
ing operation took less than one minute, and metallographic
examinations of numerous joints showed no grain-growth in
the tantalum as a result of the brazing. The completed
specimens were allowed to cool to room temperature before
they were removed from the electron-beam apparatus and prior
to tensile testing each one was lightly etched in a 1:1
mixture of HF and HN0 3 to allay any possible effects of
surface contamination.

The tensile tests were carried out in a "hard"
machine of the same basic design as that previously described
by Adams (15), at temperatures of 230C, -780C (bath of ace-
tone and dry-ice), and -.196'C (liquid nitrogen bath). At
each temperaturespecimens covering the complete grain-
size range were tested at two strain-rates; 1.09 X lO-3per sec.
and 9.96 X lO- per sec. Sometimes several specimens from
a single rod were tested under the same conditions to check
reproducibility but more often, in order to even out possible
inaccuracies due to material variations, separate samples
from the same rod were tested under different conditions.
All of the stress-strain curves were autographically record-
ed on a milli-volt recorder whose response time (1/4 sec. for
full scale) allowed the use of maximum sensitivity (10" full
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scale) even under the most extreme testing conditions.

To check what effects the various preparation
precedures had on final specimen purity, samples which had
been recr~ stallized at the highest, lowest and an intermedi-
ate annealing temperature, were analyzed (after tensile test-
ing) to determine their gas contents. The results, given
in Table III, show some variations from sample to sample,
but the variations are small compared with the total im-
purity content, and they are not systematic. The latter ob-
servation suggests that they probably arise from inhomo-
geneities in the starting material rather than from the pre-
paration procedures.

III. RESULTS:

A. Effect of Temperature, Strain-Rate and Grain-Size on
the Form of the Stress-Strain Curve, and on the Fracture
Behaviour.

Pertinent tensile and fracture examination data for
all of seventy specimens tested is contained in Table IV, and
Figs. 3,4, and 5 illustrate representative stress-strain
curves for the various test conditions. All of the curves
(except the one for a coarse grained specimen tested at
-1960C at the slow strain-rate) are typical of a strain.-
aging material in that they show a well defined, sharp
yield drop, and in their general form they are similar to
curves for niobium. (4) tested under like conditions. The
curves show that tantalum work-hardens only slightly when
deformed in tension beyond the lower yield extension, and
then only when the yield stress is at a comparatively low
level. Under test conditions where the (lower) yield stress
is raised to above about 60,000 p.s.i. no work-hardening is
observed at all; specimens tested under these conditions
show local necking immediately after they yield and continue
to deform at the neck under decreasing load, until they fracture.

On examining the data of Table IV and Figs. 3-5
in more detail for the influence of temperature (T), strain-
rate ( ) and grain-size (d) on the tensile behaviour of
commercial tantalum, the following general trends become
apparent;
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1. With and d fixed the effect of decreasing the
test temperature is to raise the upper and lower yield stresses,
to raise the ultimate tensile stress (U.T.S) in specimens
which work-harden, and to decrease the elongation to fracture.
When the temperature is lowered from 230C to -78°C the
size of the yield drop remains essentially unaltered, but on
further lowering the temperature to -1960C the yield drop
on coarse grained specimens is decreased, and that on fine-
grained specimens is appreciably increased.

2. Wi.th T and d fixed the effect of increasing the strain-
rate at 23 FCii5-7-'C is essentially the same as that of de-
creasing the tempe.rature with strain-rate fixed; that is, the
upper and lower yield stresses and the U.T.S. values are in-
creased, the elongation to fracture is decreased, and the
yield drop remains essentially constant. At -196°C a dirfer-
ent behaviour is observed; strain-rate has, within the ex-
perimental errors, no effect on lower yield stress and elohga-

tion to fracture, and only a slight effect (increasing with
increased strain-r-o) on the upper yield stress at this
temperature.

3. With T and 4 fi:xePd the effect of decreasing the grain-
size (incr .Ting c- at 77'VC and -780C is to raise the
upper and lower yield stresses (about equally, so that the
yield drop staTs e rentlall " constant) and the U.T.S. values,
where these are ooberved. The values of elongation to fracture
increase as 2d is lowered from .09cm. (d-Y 5cm."1.) to
about .0055 cm. (d- 19cn.-), and then decrease as 2d is
lowered further. Changes of elongation to fracture with grain-
size become less pronounced as the temperature is decreased
or the strain-rate increased (Fig.6.). At -196°C decreasing
values of 2d down to about .0055 cm. result in increases of
both upper and lower yield stress, with the upper yield stress

increasing at the faster rate. Further reductions in 2d be-
yond about .0055 cm. continue to increase the upper yield
stress but the lower yield stress begins to fall. The overr
all effect is to produce a very large yield drop (as much as
250 of the upper yield stress) on specimens of very fine grain-
size. Values of elongation to fracture remain essentially
constant with chanving grain-size at -196WC

2?:amination of the fractured regions of all the speci-
mens war. rv'e aft;er the tests. A cursory inspection showed
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pronounced necking in all cases, with area reductions of at
least 90%, and fractures apparently wholly fibrous in character.
Careful examination at high magnification revealed, however,
that some of the fracture surfaces contained occasional,
small, brightly reflecting facets. Focussing difficulties
prevented detailed studies of many of the facets, but suf-
ficient numbers could be studied in detail to allow a dif-
ferentation into three types. Some (on samples tested at
all three temperatures) were smooth and featureless, and pro-
bably of Intercrystalline origin; others (on a few coarse
grained samples tested at -780C and 23°0) showed ill-defined
markings which resembled cleavage steps; most important, the
facets on some of the coarser grained ( d-'/-values
up to 14.2cm.'/-.) specimens tested at -196°C showed clearly
defined cleavage steps. An example is given in Fig. 7.
This result then, corroborates the previous single report (11)
thattantalum, whilst predominantly a ductile material, can,
under suitable conditions, be made to cleave.

B. Effect of Temperature and Strain-Rate on 0 'j and ky

In Fig. 8. lower yield stress values are plotted as a
function of d-Y for each of the six test conditions. With-
in the experimental limits the results for the tests at 23*C
and -78°C show a continuous linear increase of yield stress
with increasing d-'/7-, as predicted by Zq. (2), and a de-
pendency of yield strength on strain-rate at a given temperature
and grain-size, is clearly evident. At -196°C the behaviour
is different; the yield strength increases linearly with d-I,-
for values of the latter up to about 20 cm.-Vz7, but then begins
to fall as d -/zis further increased. Furthermore, there is
no clear separation of the results for the tests at the slow
strain-rate from those at the fast strain-rate. Strain-rate,
over the range measured, is apparently ineffective in changing
the lower yield stress at -1960C.

The reason for the reduction of lower yield stress in
the finest grained specimens at -196°C is not fully understood,
but is believed to be associated with the very large upper
yield stress exhibited by these specimens and with the in-
ability of tantalum to work-harden at -196"C. According to
the theory of yielding outlined in the introduction, the upper
yield point is the stres's at which small, prematurely yielded
(because of the local stress concentrations) zones in a specimen
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are able to trigger yield in adjacent grains. The latter
grains then spread the deformation further into the speci-
men, through the action of dislocation pile-ups at their
boundaries, at a stress (the lower yield stress) determined
by the pile-up length and consequently by the grain-size. Con-
sider, however, what would happen if the initial yielding
Pulse was very strong (large upper yield stress), and such
(in excess of some critical value) that the avalanches of
dislocation created by it were not arrested at the first
grain-boundaries that hey encountered. In this case, par-
ticularly if the nwterial (because of its inability to work-
harden) continued to deform only at the initial yield site,
yield propagation would occur at a stress lower than that
expected for the measured grain-size. It is suggested that
the finest grained specimens tested at -196"C could have
behaved in this manner. This explanation is, of course,
largely phenomenological in that it does not provide reasons
for the strong dependence of the upper yield stress on grain-
size at -196'C. More elaborate experiments would be needed
to determine these reasons, since, in conventional tensile
tests of the type used in the present work, the upper yield
stress can be critically nfected by subtle test conditions -
in particular by the presence of local stress concentration
centres (externally,at scratches or at points where the cross-
section varies, and internally at inclusions or the Corners
of grains) in the specimens.

From the results of Fig. 8 experimental values of65pnd
have been estimated (Table V). Here shear stresses rather
than tensile stresses (to a first approximation the shear
stress is half the tensile stress) are used in accordance
with Eq.(2). Within the experimental scatter (individual
experimental points vary by about ±5% from the mean) no
variation in the dependence of yield stress on grain-size
could be detected for the different test (combinations of
temperature and strain-rate) conditions, and the parallel
lines that are drawn through the experimental points in Fig.8.
are those which give the best average overall fit. Thus,
a constant value of k. is reported in Table V, and it is
estimated that this value may carry a possible error of
about ± 50% (which is typical for experiments in which
the variations of lower yield stress with grain-size is
slight), or even somewhat more at -196"C where only tests
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on specimens with d- -values up to about 20cm,'/ were con-
sidered. The possible errors in the CYvalues are estimrated
at about t 5%, and within this margin no effect of strain-
rate on Cri is detected at -196°C.

The value of k for tantalum is somewhat higher
(about 30%) than that for niobium (4) tested at a fast rate
at -196*C. and is about six times smaller than that for
mild steel (16) at the same temperature, or for molybdenum
(8) in slow strain-rate tests at room temperature. The cr-
values for the slow strain-rate tests are some 50% higher
than those for niobium (4) at 23°C and -786C, and about
25% higher at -196°C. An increase of strain-rate of two
orders of magnitude at 230C or -78°C produces an effect
on o4equivalent to that of reducing the test temperature
by about 40 *C.

C. Examination for Twinning:

Representative samples covering the complete range
of testing conditions were sectioned, polished, and etched
after testing, and carefully examined for deformation twins.
Some markings which may have been twin bands were found
in the necked regions of a few coarse-grained specimens
tested at -196'C, but these markings were so heavily dis-
torted that their unequivocal identification as twins was
not possible. I twinning did occur in the tests it was
sporadic and in very small amounts.

IV. DISCUSSION:

The present experiments have extended the scope of
previous investigations (9)(10) of the low temperature tensile
properties of tantalum by including an additional variable -
the effect of grain-size. Inclusion of this variable has
allowed a determination of experimental ca:and ky values
for tantalum by means of the Petch analysis, and it is with
the influence that these parameters exert on the mechanical
behaviour of tantalum that this discussion will be primarily
concerned.

The first point to note is that the k value
for tantalum is close to that for niolium (4), and is small
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relative to that for mild steel (16) and for molybdenum (8).
On the basis of Eq. (2) this means that the atmosphere lock-
ing of dislocations in tantalum is relatively slight, a result
which may seem surprising in view of the fact that the stress-
strain curves show well defined, sharp yield drops. It must
be remembered, however, that the size of the yield drop is
an unreliable quantitative measure of the strength of the dis-
location locking because, as discussed in section iII B.,
the experimental value of the upper yield point depends
sensitively on specimen preparation and testing technique.
Confirmation of a small ky for tantalum has recently been
independantly obtained by Gilbert et.al.(17) who used the
Lddr's strain technique (1) to derive, from individual
stress-strain curves, a value of ky - 1.2 X 101 c.g.s.,
which compares very favourably with the value of 1.04 X 107
c.g.s. obtained in the present experiments. Theoretical
reasons also lead one to expect relatively weak dislocation
locking in tantalum because, having a unit cell larger than
that of the other body-centred-cubic transition metals,
the material should be more easily able to accommodate
interstitial solutes with a minimum of elastic distortion.

The results for the dependence of Oi and y on
temperature and strain-rate indicate that tantalum derives
its sensitivity of yield strength to temperature and strain-
rate from lattice friction ( crt) rather than from dis-
location locking (ky ) effects. This result appears to
be general for the body-centred-cubic transition metals (2)
(4)(7)(16) but has yet to be fully explained. General
opinion, based on theoret-ical reasoning and -on brief
experimental evidence (16), favours the view that the Peierls-
Nabarro force is probably responsible for the temperature and
strain-rate dependent lattice fTiction stress in these
metals. The observation that o j for tantalum becumes in-
sensitive to strain-rate at very low temperatures tends to
support this view. Analyzing a similar effect observed
in chromium, Marcinkowski (7) has shown that the width of
a Peierls dislocation (and consequently the Peierls-Nabarro
force) becomes increasingly insensitive to velocity as the
temperature is decreased.

The fracture studies have confirmed previous ob-
servations (9)(10) that tantalum exhibits considerable
ductility under conditions (low temperature, high strain-
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rate and large grain-size) where other body-centred-cubic
transition metals are brittle. Thus, every specimen showed
at least 90% reduction in area before failure and all of the
fractures were predominantly fibrous in character. At the
same time, however, close examination did reveal cleavage
facets of the fracture surfaces of some of the samples. We
must now attempt to correlate these observations with the
fracture theory described in the introduction.

If the theory is correct it should provide a self-
consistent quantitative explanation for two critical results
obtained in the experiments: (i) the ductile behaviour, at
the yield point, of the coarsest grained specimens (d-=7.8cmA)
in the tests at -196°C; (ii) the occurrence, at -196"C,
of cleavage facets on fractured specimens with d - Vvalues

, l4.2cm.-!but not on specimens with d-'A/values > 16.6cm ..
Ductile behaviour should correspond to a condition where the
left hand side, ( Oc£dv-x + ky ) k , of Eq. (1) is less
than the value of the right hand side, 1 '8 , and brittle
behaviour to a condition where the left hand side exceeds the
right hand side.

At the yield point for tests at -1960C we have ex-
perimental values of crJi4.26 X l o' dynecm.2 and ki=l.04 X 10
c.g.s. Therefore, knowing that d-Z . 7.8cm.-Lz1_,g-l (uni-
axial tension) andIA.= 7.2 X 10" dyne.cm: ,2 (derived from
known values of Youn 's modulus (18) and bulk modulus (19))we
deduce, from result (i),a boundary value

S> ( QF 1d'l+ k'y )ky Ip -k8.06 X 103 erg.cm-7 (3)

Applying this deduction to result (ii) we note that
for cleavage to have occurred in specimens with d- '_values
of 14.2 cm.- , a condition

( OI/d-! + ky )k /j >8 .06 X 10 erg.cm2- (2)

must have existed in these specimens Just prior to fracture.
This means then (since the value of d-/2-is larger in Eq.(If)
than in Eq. (3))that the effect of plastic deformation must
have been to raise Orand/or k. , or to reduce P .

The theory indicates that such changes may be brought
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about in several different ways: (a) Orcan be raised by
work-hardening; (b) ca and ky can be raised locally by the
increased strain-rate at a neck, or at the head of an ad-
vancing fibrous fracture; (c) uniaxial tension may be con-
verted locally to triaxial tension, thus changing 1 from
unity to 1/3, in the notch at the base of a sharp neck or at
a fibrous fracture front. Generally more than one of these
mechanisms will operate simultaneously and a quantitative
assessment of their effect becomes difficult. The present
case is, however, simplified. No work-hardening was ob-
served at -1960C, and cLand ky were insensitive to strain
rate at this temperature. Consequently we have only to
consider the stress system effect; that is, the result of
converting g from unity to 1/3.

With03l/3, d - = 14.2cm. ,Ci4.26 X 109 dyne.cm.- ,

ky = 1.04 X 107 c.g.s. and/,.- 7.2 X 10" dyne.cm.- ,
Eq. (4) gives

1.35 X 10 erg.cm-'> 8.06 X l0 erg. cm.

The theory is therefore in accord with the results if we make
the reasonable assumption that triaxial stress conditions
were created (probably when the specimens began to fail
by fibrous fracture) in the deformed specimens immediately
prior to their final failure.

Finally, from the observations that cleavage facets
were absent from the fracture surfaces of specimens with d-16-

values >, 16.6 cm.-Vzdeformed at -1960C, we are able to
further narrow the limits on' . We find, with /
d-A = 16.6 cm. oi. 4.26 X 10g dyne. cm.- , =k=l.04X 107
c.g.s. and/-.= 7.2 X 10" dyne. cm.-Z , a value

( Cri./d-36+ ky ) ky /l/6 1. 16 x 10 + erg.cam:-2.

Thus, the effective surface energy for (cleavage) fracture

in tantalum is given by

1.35 X 10 4 erg. cm->, > 1.16 X 10 I erg. cm."-

The analysis reveals that tantalum has a value of 8 in
the same range as those values which have been experimentally
determined for En. 2 steel (1.16 X 10+ erg.cm-2.(20) ),for
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niobium (1.36 X lo~t erg. cm.-2t15% (4) ) and for molybdenum
(1.2 X 104- erg.cm72 (8) ). Consequently we conclude that
the greater resistance to brittleness of tantalum compared
with these other materials, arises not from a surface energy
effect, but rather from a relatively low value of k ,
combined with a high value of

Implicit to the analysis is the conclusion that notched
tensile samples ( (- 1/3) with d -'values 1! 14.2 cm.- 1
would have failed by cleavage at the yield point at -1960C.
It is intended in future work to test such samples. An in-
vestigation by Imgram et.al. (21) has indicated a lack of
notch sensitivity in tantalum. However, 'the specimens used
by these workers had a d -V4value of 16.2 cm.- i, and were
considerably more pure than those used in the present ex-
periments.

Two further results of the fracture studies are of
interest: firstly the occurrence of small areas of inter-
crystalline failure on many of the samples, and secondly
the possible occurrence of cleavage on some of the coarse-
grained samples tested at -78*C and 23°C. The first of
these results suggests that the 8 values for some of the
grain boundaries in the specimens may have been lowered
by local impurity segregation: the second indicates that
work-hardening and/or strain rate effects may have raised
Criand Icy at -78°C and 23*C sufficiently, when combined

with the triaxial stress effect, to satisfy Eq. (1).

The experiments throw very little light on the
relationship between twinning and the fracture behaviour
of tantalum, except that they do indicate that cleavage is
possible in the absence of profuse twinning. Other recent
experiments (22) suggest that the relationship may be quite
complex, since they indicate that interstitial impurity
additions tend to suppress twinning in tantalum, whereas
cleavage is known to be promoted by such additions. It is
clear that more experiments, particularly of a direct ob-
servational type, will be needed before a clear understand-
ing of this aspect of the brittle fracture problem can be
gained.
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FIG. 2. TYPICAL TENSILE SPECIMEN. 2 X.
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tA. 
23 C, 1 

SPEC.6

-I" B. 23" C, 9.96 x 102/SEC. SPEC. 5aZ C. -780 C, 1.09 x IO-SEC. SPEC. 9,
4" D. -78 C, 9.96 x 102/SEC. SPEC. 15c

,4\E.-I96"C, 1.09 x IO-SEC. SPEC. 1 9c
D D F -196 C, 9.96 x IO-'SEC. SPEC. 25b
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FIG. 3. EFFECT OF TEMPERATURE a STRAIN-RATE ON
THE STRESS-STRAIN CURVE FOR SPECIMENS WITH
d-2VALUES IN THE RANGE 78 CM: TO 10.5 CMJ
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0 A. 23* Cs 1.09 x 103/SEC. SPEC. I a
E ~ B. 23* C, 9.96 x 10-2/SEC. SPEC. 160

C. -78* Cs 1.09 x 10--/ SEC. SPEC. 16 b
D. _789 C, 9.96 X 10-2/SEC. SPEC. 16 d
E. -196* C, 1.09 X IO03/SEC. SPEC. 30a
F -196* C, 9.96 x IO-2/SEC. SPEC. 5c
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FIG. 4. EFFECT OF TEMPERATURE B STRAIN-RATE ON THEI
STRESS-STRAIN CURVE FOR SPECIMENS WITH d-2
VALUES IN THE RANGE 16.6 CM.-- ' TO 18.8 CM: i
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W A. 23* Cs 1.09 x 10--/SEC. SPEC. 74.
%\\E B. 230 Co 9.96 X I0-2/SEC. SPEC. I 8c

F ~C. -780 C, 1.09 x I0-3/SEC. SPEC 22c
z ~ D. -78* C, 9.96 x IO72/SEC. SPEC. 22 d

E. -196* C, 1.09 x IW/SEC. SPEC. 22a,
D ~ F -196* C, 9.96 x IO-ISEC. SPEC. 22b
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FIG. 5. EFFECT OF TEMPERATURE 8 STRAIN-RATE ON THE
STRESS-STRAIN CURVE FOR SPECIMENS WITH d-i
VAWES IN THE RANGE 23.5 CM.7TO 30.2 CM7Z
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A. -0- 23' Cs 1.09 X IO3/SEC. D. -0>- -78W C, 9.96 X 102/SEC.
B. 40- 23, C, 9.96 X 102/SEC. E 0 -9'C, 1.09 X IO3/SEC,
C. - -78' C, 1.9xI 3 SEC. _ -96 C, 9.96 X IO-2/SEC.
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FIG. 6. EFFECT OF TEMPERATURE, STRAIN-RATE, 81 GRAIN-SIZE

(2d) ON THE ELONGATION TO FRACTURE.
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FIG. 7. CLEAVAGE FACET ON A SPECI-
MEN (19c) FRACTURED AT -196" C
600 X.
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TABLE I

NOMINAL ANALYSIS OF THE "AS-SUPPLIED"
TANTALUM

Impurity Element 02 N2  H2  C Ob Fe Ti Si Al

p.p.m. present 150 100 2 50 <100 50 30 200 30

TABLE II

ANNEALING TREATMENTS FOR RE-CRYSTALLIZATION

Annealing Grain-sizes Obtained on Different Rods
Temperature

6C 2d(cm.)

1420 .009 to .0019 20.2 to 32.8
1560 .0060 to 0035 18.2 to 23.9
1810 .0182 to .0078 10.5 to 16.0
2070 .0889 to .0212 4.7 to 9.7

TABLE III

OAS CONTENTS OF THE RE-CRYSTALLIZED MATERIALS

Annealing Gas Content (p. p. m.)
Temperature9C 02 N2 H2

1420 81 46 <0.5
1810 87 101 <0.5
2070 79 41 8
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TABLE V

EFFECT OF TEMPERATURE & STRAIN-RATE ON THE Cyi& k VALUES

FOR COMMERCIAL TANTALUM. y

Temperature Strain-rate

0C sec.- 1 dyne. cmf2 ,IO 9  c.g.s.X107

23 1.09 X 1O- 3  1.08

23 9.96 x lo - 2 1.45

-78 1.09 X 10- 3  1.90

-78 9.96 X 10-2 2.35 1.04

-196 
1.09 x lo

- 3

-196 
9.96 x lO - 2  J 42
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